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World Glacier Inventory (http://nsidc.org/data/glacier_inventory/), and those less than 1 km wide 118 were excluded from the study. We processed the SAR imagery using the method detailed in (Carr 119 and others, 2013b), specifically: 1) apply orbital state vectors; 2) calibrate radiometrically; 3) mutli-120 look the imagery to reduce speckle; and 4) correct for terrain. ERS images were coregistered with 121
corresponding Envisat scenes, due to the higher geolocation accuracy of Envisat data. digitised at a scale of 1:30,000. This provided a good compromise between level of detail required 139 to capture the terminus shape and the time required to digitise the terminus . The mean error in 140 frontal position was calculated by repeatedly digitising sections of rock coastline for a sub-sample 141 of ten ERS, ten ENVISAT and ten Landsat images, using the box method, which should show no 142 discernible change between successive images (e.g. Carr and others, 2013b, Carr and others, 143 2014, Moon and Joughin, 2008) . The total frontal position error was 27.1 m and results primarily 144 from manual digitising errors: as discussed above, errors resulting from geolocation issues were 145 minimalised by manually checking the co-location of scenes, but we are aware that it is easy to 146 make small errors when digitising. This total frontal position error equates to an error in the rate of between the points at which the glacier terminus intersected with the fjord walls. Initial width was 157 used instead of catchment area or glacier length, as accurate boundaries were not available for all 158 glaciers, particularly the smaller outlets. First, a one-sample Kolmogorov-Smirnov test was used to 159 determine whether the total rate of frontal position change data were normally distributed, which 160
was not the case. Consequently, we used Spearman's rank correlation coefficient to determine 161 correlation, as it is non-parametric and therefore does not assume a normal distribution. This test 162 was used to correlate total rate of frontal position change (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) and initial glacier width 163 (1992), and the resultant correlation coefficient was -0.1434 (p-value = 0.02), which indicates a 164 significant, but weak, negative correlation, i.e. wider glaciers are weakly associated with a lower 165 F o r P e e r R e v i e w 7 total rate of frontal position change. This indicates that wider glaciers do not necessarily exhibit 166 larger rates of frontal position change. 167
Air temperature data 168
We acquired air temperature data from selected meteorological stations located across the Arctic 169 (Carr and others, 2013a). Stations were chosen on the basis that data were available for the entire 170 study period and that data gaps were minimal. We obtained data from a variety of 171 different sources (Supplementary Table 1 ). The temporal resolution of the available data ranged 172 between three-hourly and monthly. Data were filtered to account for missing values, using the 173 following criteria: three-hourly data were used only if (1) no more than two consecutive records 174 were missing in a day; and (2) no more than three records in total were missing in a day. The 175 resultant daily averages were then only used if values were available for 22 or more days per 176 month and monthly values were used only if data were available for all summer (Jun-Aug) months 177 (Cappelen, 2011) . For each station, we calculated an annual time series of mean summer values 178 (Jun-Aug), as warming during these months is likely to have the greatest direct impact on glacier 179 retreat. Furthermore, this excludes winter values, as winter warming could promote positive mass 180 balance and advance (e.g. through enhanced precipitation associated with a warmer atmosphere). 
Sea ice data 185
We acquired sea-ice data from the National/Naval Ice Centre Charts (http://www.natice.noaa.gov/). 186
The charts are compiled from a wide range of remotely sensed and directly measured data 187 sources and have a spatial resolution of up to 50 m. This dataset was selected as it has a 188 comparatively high resolution and incorporates different data sources, but also covers the entire 189 study region. Thus, it can provide information on sea ice conditions within glacial fjords, but may 190 not be representative of conditions directly at the glacier front. It represents the best-available 191 dataset that covers the entire study region. Data are available at a bi-weekly temporal resolution, 192 from 1995 onwards. Sea-ice concentrations were sampled at the terminus of each study glacier, 193 ice concentration and number of ice-free months. Here, we define 'ice-free' as a sea concentration 197 of less than 10%, because small amounts of sea ice may be present within the fjord, but would not 198 have any impact on glacier retreat and/or the calving process. A higher threshold was not selected, 199
as sea ice concentrations of 20 or 30% could impact glacier behaviour, e.g. if the sea ice forms at 200 the glacier front or impedes the movement of icebergs from the fjord. We also calculated time 201 series of mean annual sea-ice concentration, which were used to statistically evaluate change 202 between the two study periods. each grid square in the study region, and used these data to determine the change in ocean 232 temperature between the two time intervals. 233
Fjord width variability 234
Following Carr and others (2014), we measured fjord width variability by digitising both fjord walls 235 at sea level from the most recent satellite imagery, at a scale of 1;30,000. This was done between 236 the least and most extensive frontal positions occupied by each study glacier between 1992 and 237 2010. The length of each fjord wall was then divided by the straight-line distance between its start 238 and end points, and a mean dimensionless value for fjord width variability was obtained for each 239 glacier from these values. A value of 1 for fjord width variability therefore indicates that the fjord 240 walls are completely straight, whilst higher values indicate greater fjord width variation. Fjord width 241 variability was calculated only for glaciers with continuous fjord walls and glaciers retreating across 242 stretches of open water (e.g. between two islands) were not included. Only glaciers that underwent 243 net retreat, not net advance, were included in the analysis, which corresponded to 212 out of 273 244 study glaciers. 245
Statistical analysis 246
Following (Miles and others, 2013), we used the Wilcoxon test to determine whether there was a 247 statistically significant difference in rates of frontal position change between the two time intervals 248 F o r P e e r R e v i e w 10 in our study period (1992-2000 and 2000-2010) . This test was chosen because it is non-parametric 249 and rates of glacier frontal position change are not normally distributed. We also used the Wilcoxon 250 test to evaluated significant differences between the two time periods for air temperatures (1990-251 1999 and 2000-2010) , sea-ice (1995-1999 and 2000-2010) and ocean temperatures determined 252 from reanalysis data (1991-1999 and 2000-2010) , as they are not normally distributed.. The p-253 value indicates the likelihood of obtaining a difference that is as large, or larger, than the difference 254 observed, if the null hypothesis is true (i.e. there is no difference between the two time periods). 255
Following convention, a p-value of ≤0.05 indicates a 'significant' difference (95% confidence), a p-256 value of ≤0.01 indicates a 'highly -significant' difference (99% confidence) and a p-value of ≤ 0.001 257 indicates a 'very highly significant' difference (>99% confidence). at the front. Consequently, they are used to identify broad-scale patterns of change only. For 263 summer (JJA) air temperatures, we selected the meteorological station closest to each glacier and 264 removed any stations that were more than 200 km away or were clearly geographically separated 265 from the station (e.g. by a major mountain ridge), to avoid erroneous correlations. To ensure that 266 this threshold distance did not affect results, we also carried out the test using distances of 250 267 and 150 km, and found no difference in the significance of the relationship (see results). Lower 268 threshold distances (e.g. 50 km) were not used, as so few glaciers were this close to the 269 meteorological stations, meaning that our results would not be representative and that one or two 270 glaciers could have substantially effected our results. 271 (Table 1 ). When split according to region, significant differences (p <0.001) between 301 the two time periods exist for the majority of regions (NW, SW, E and SE Greenland, Novaya 302 Zemlya Barents Sea, FJL and Spitzbergen) and significant differences (≤0.05) are apparent in 303 northern and central-west Greenland (Table 1) . There was no significant difference between the 304 F o r P e e r R e v i e w 12 two time intervals in south-west Greenland, the Kara Sea coast of Novaya Zemlya, Austfonna or 305 Vestfonna (Table 1) . 306
The highest mean regional retreat rates between 2000 and 2010 occurred in northern Greenland 307
(retreat rates exceed-600 m a -1 ), which represented an 8-fold increase compared to 1992-2000 308 (Table 1) . Within this mean value, three glaciers had particularly high retreat rates (mean retreat 309 rates exceed -1000 m a -1 for 2000-2010) and the other six also showed high rates of between -310 68.0 m a -1 and -643.8 m a -1 (Supp. Fig. 2 ). None of the glacier retreat rates in northern Greenland 311
were outliers, where an outlier is defined as a data point more than 1.5 times the interquartile 312 range above the upper quartile or below the lower quartile. After northern Greenland, retreat rates 313 were highest in central-west, south-east and north-west Greenland, where values were more than 314 triple their 1992-2000 values, and showed a statistically significant increase between the two time 315 Table 1 ). Two outliers were identified in south-east and one in central-west 316
Greenland, but even after removing these points, retreat rates remained substantially higher than ) (Supp. Fig. 2 ). This indicates that these 320 nine glaciers strongly influence regional rates of frontal position change, but they are retained 321 within the regional assessment, as they remain part of the region and excluding them would falsely 322 skew the data. Retreat rates were notably smaller in south-west and east Greenland, than for the 323 rest of the ice sheet. Elsewhere, glacier recession was higher on the western (Barents Sea) coast 324 of Novaya Zemlya than in eastern Greenland and it exhibited the highest retreat rates outside of 325 the ice sheet, highlighting it as an emerging area of glacier change ( Fig. 1 & Table 1 ). The lowest 326 retreat rates occurred on Austfonna and Vestfonna, with Austfonna being the only region to exhibit 327 a deceleration in retreat between the two time periods ( Fig. 1 ; Table 1) . 328
Fjord width variability 329
Although regional-scale retreat patterns were apparent, there was large variability between 330 individual glaciers and within regions ( assessed the relationship between glacier retreat and variations in fjord width along its retreat path 335 (Table. 2). Results show a highly significant statistical relationship between along-fjord width 336 variability (the ratio of shoreline length between maximum and minimum terminus positions to the 337 straight-line distance) and total retreat rate (1992-2010) ( Table 2 ). For the entire population, there 338 was a strong and highly significant negative correlation (ρ = -0.570 p-value = 1.20 x10 -19 ), which 339 suggests that glaciers with greater (i.e. more positive) along-fjord width variability have higher (i.e. 340 more negative) total retreat rates (Table 2 ). When the data are split into individual regions, this 341 statistically significant relationship is widespread and persists along the west Greenland coast 342 (NW, CW and SW), in East Greenland, Novaya Zemlya, Spitzbergen and FJL, which together 343 accounts for 197 glaciers out of the total of 216 glaciers with continuous fjord walls ( Table 2) . No 344 significant relationship was apparent between fjord width variability and total retreat rate in northern 345
Greenland, Austfonna or Vestfonna (Table 2) . 346
Climatic and oceanic forcing 347

Air temperatures 348
Mean summer (JJA) air temperatures at all but one of the meteorological stations were warmer in 349 2000-2010 than 1990-1999 (Fig. 3) . By far the strongest warming occurred in north-and central-350 west Greenland, where summer air temperatures warmed by over 2 °C at Nuussuaq (2.28 °C) and 351 Kitsissorsuit (2.42 °C) and warming was significant (p= <0.001) ( Table 3) (Table  355 3), although warming was lower close to Cape Farvel (Fig. 3) . Conversely, warming was greatest 356 in the southern portion of south-east Greenland and reduced to just over 1 °C further north at 357
Ikermit (1.07 °C) and Tasiilaq (1.05 °C). Summer warming was comparatively limited in eastern 358 and northern Greenland, reaching a maximum of 0.52 °C at Danmarkshavn (Fig. 3) . (Table 4) . We used a threshold of 200 km 362 distance between each glacier and its nearest meteorological station, to avoid erroneous 363 correlations and found no significant relationship (ρ = -0.07; p-value = 0.41) ( Table 4) (Table 4) . 367
Sea ice 368
The largest changes in mean annual sea-ice concentrations between 1995-1999 and 2000-2010 369 occurred on the central-and north-west Greenland coast, on the west coast of Spitzbergen and 370
Novaya Zemlya, and FJL (Fig. 4, Table 3 ). In these regions, sea-ice loss close to the glacier 371 termini was of the order of 10 % or more (Fig. 4) and represented a significant reduction compared 372 to 1995-1999 (Table 3) . Decline in mean annual sea-ice concentrations was more limited in 373 magnitude on the eastern (Kara Sea) coast of Novaya Zemlya (2.2 to 6.2 % reduction), in eastern 374
Greenland to the north of the Fram Strait (0.9 to 5.1 % reduction), and surrounding Austfonna and 375
Vestfonna ice caps (-6.4 % to +5.4 %) (Fig. 4) . In south-east Greenland, the reduction in mean 376 annual sea-ice between 1995-1999 and 2000-2010 was high close to Cape Farvel, but was much 377 less to the north (Fig. 4) and not significant overall (Table 3 ). This pattern of sea-ice change in 378 south-east Greenland corresponds to the spatial pattern of atmospheric warming (Fig. 4) . 379
Focusing on mean seasonal changes between 1995-1999 and 2000-2010, strong reductions in 380 mean sea-ice concentrations occurred during Autumn (Oct-Dec) across the majority of the study 381 area: central-west, north-west, and east Greenland, western Spitzbergen and FJL (Fig 6) . In the 382 summer months (Jul-Sep), large changes in sea-ice concentrations were confined to northern 383 north-west Greenland (p<0.001) and FJL (p<0.002) ( Fig. 6; Table 3 ). Significant sea-ice reductions 384 occurred during winter (Jan-Mar) on FJL, Spitzbergen, the Barents Sea coast of Novaya Zemlya, 385
and north-and central-west Greenland (Fig. 7, Table 3 ). Results show a significant reduction in 386 (Table 3) , but this was due to a reduction in 387 concentrations from 100 % to 92.5 % at all locations in 2007, which reduced the 2000-2010 mean 388 to 99.8 %, and is unlikely to affect ice dynamics. In spring (Apr-Jun), changes in mean seasonal 389 sea ice concentrations were less widespread than for autumn, and were significant on FJL, the 390 Barents Sea coast of Novaya Zemlya, and north-west and east Greenland, with the magnitude of 391 change reducing with distance north in north-west Greenland (Fig. 7, Table 3) . 392
Previous studies suggest that the length of the ice-free season and the timing of sea ice formation 393 and disintegration may strongly influence calving rates (e.g. Carr (Table 3 ). In north-and central-west Greenland, the mean number of ice free months 400 increased by 1 month, with glaciers in the Qaanaaq region showing the greatest change (Fig. 5) . 401
The mean number of ice-free months increased significantly on the Barents coast (mean = +0.9 ice 402 free months) and the Kara Sea (mean = +1 months), and increases were much larger on the west 403 coast of Spitzbergen, compared to Austfonna and Vestfonna ( Fig. 5; Table 3 ). Changes were more 404 limited in south-east Greenland, particularly along its northern section, where increases in the 405 mean number of ice-free months were 0.2 months( Fig. 5; Table 3 ). In East Greenland, the mean 406 number of ice-free months increased from 1.2 to 1.7 months between 1995-1999 and 2000-2010 407 (Fig. 5) , which was a significant difference (Table 3) . (Table 4) . 418
Ocean temperatures 419
The reanalysis dataset Topaz 4 was used to investigate broad-scale ocean temperature changes 420 in the study region (Fig. 8) . Irminger and Labrador Seas, offshore of south-east and south-west Greenland, where warming 434 reached up to 2.5 °C (Fig. 8) . This is consistent with previous studies, based on direct (Fig. 8) . It should be noted that this may represent a temperature change, or, 439 alternatively, we may have inadvertently captured changes in the pycnocline depth, but we cannot 440 determine which with the available data. Warming was evident on the west coast of Spitzbergen at 441 (Fig. 8) . Finally, the 442 Barents and Kara Sea warmed in the near-surface layer (5m depth), but the Kara Sea cooled at 443 200 m depth (Fig. 8) . 444
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Discussion 445
Glacier frontal position versus volumetric loss 446
Our results demonstrate that outlet glaciers in the Atlantic Arctic are exhibiting common behaviour 447 at decadal timescales, i.e. high-magnitude (retreat rates exceed -100 m a (Fig. 1 & Table 1 ). Here, there is debate about the impact of recent retreat 469 on inland ice dynamics and volumetric losses. Results from ICESat laser altimeter data showed no 470 difference in area-averaged thinning rates and land-and marine-terminating outlets glaciers on 471
Novaya Zemlya, despite an order of magnitude difference in retreat rates (Moholdt and others,  472 2012). Conversely, more recent work recorded much higher thinning rates on marine-terminating 473 glaciers on the Barents Sea coast, compared to those ending on land, suggesting that recent 474 glacier retreat has led to dynamic ice loss and thinning (Melkonian and others, 2016 ). As such, we 475 highlight the dynamic ice losses from Novaya Zemlya as a key area for future research. On 476
Svalbard, the highest rates of retreat occurred on Spitzbergen ( (Table 1) . 481 (Figs. 3-8) . 501
Air temperatures 502
Focusing first on air temperatures, the spatial pattern of glacier retreat and summer atmospheric 503 warming were coincident in certain locations, for example in north-and central-west Greenland, 504 where temperature increases were highest (Fig, 3) . However, this pattern was far from ubiquitous 505 and no clear relationship was apparent between summer air temperature increases and regional-506 scale glacier rates of glacier frontal position change. For example, retreat rates were higher in 507 south-east Greenland than in the north-west (Table 1) , despite warming being stronger in the latter 508 area (Fig. 3) . Similarly, summer warming was high in magnitude and significant in south-west 509
Greenland, but glacier retreat rates were much lower than elsewhere on the ice sheet (Fig. 3) . 510
Furthermore, there was no significant correlation between summer atmospheric warming and 511 individual glacier retreat rates (Table 4), suggesting that there is no straight-forward, direct link 512 between air temperatures and marine-terminating glacier retreat at decadal timescales and the 513 pan-Arctic spatial scale. 514
In contrast to the relationship between air temperature trends and glacier frontal position change, 515 we find a significant correlation between the rate of glacier frontal position change and changes in 516 the three sea ice variables we measured between 1995-1999 and 2000-2010: mean annual sea 517 ice concentration, mean spring (Apr-Jun) sea ice concentration and number of ice free months 518 (Table 4 ). The largest reductions in sea ice concentrations occurred in north-west Greenland, 519 where significant losses occurred in all seasons of the year (Fig. 5, Table 3 ). This is consistent with 520 previous, more localised studies (Moon and others, 2015, Carr and others, 2013b) and 521 here. Sea ice has been identified as an important control on the neighbouring ice masses on 526 Novaya Zemlya (Carr and others, 2014 ), but not previously on FJL. North-west Greenland and FJL 527 were the only locations that underwent significant changes in summer (Jul-Sep) sea ice 528 concentrations (Table 3 ), most likely due to their northerly location and oceanographic setting: in 529 more southerly areas, sea ice was absent during the summer months for the entire study period, 530 meaning that no changes were observed between the two time steps. In east Greenland, sea ice 531 losses were significant in Oct-Dec ( Fig. 6; Table 3 ), which is when sea ice generally forms in the 532 region and also coincides with previously reported atmospheric warming during these months 533 Given the significant and high magnitude changes in sea ice observed in the region and its 537 apparent influence on glacier behaviour elsewhere in Greenland (Carr and others, 2013b, Moon 538 and others, 2015), this potential control should be assessed in further detail. 539
Sea ice 540
The relationship between sea-ice and glacier retreat likely reflects the impact of the seasonal ice 541 mélange on calving rates: when the mélange is in place, it is thought to suppress calving by up to a 542 factor of six, whereas its seasonal disintegration allows high summer calving rates to recommence 543 water conditions and this warrants further investigation, using higher temporal resolution data. In 554 particular, there is a need to assess variations in the characteristics of the ice mélange, and its 555 relationship to glacier retreat, is this may vary considerably with factors such as fjord geometry and 556 sea ice conditions. 557
It has previously been suggested that sea ice strongly controls glacier calving in northern 558
Greenland others, 1999, Higgins, 1990 ). The only significant change observed here 559 was in winter sea ice (Table 3 ). However, this was due to a small reduction in mean values for all 560 locations in winter 2007 (from 100% to 92.5 %), which then reduced the 2000-2010 mean from 561 100% to 99.8%, and is thus highly unlikely to have any effect on glacier behaviour. At the same 562 time, large retreats and tongue collapses were observed in northern Greenland (Table 1 & Fig. 4) . 563
On some glaciers, such as Hagen Brae (Supp. Info. Fig. 3 ), retreat and acceleration (Joughin and 564 others, 2010) coincided with reduced mean annual sea ice concentrations (Fig. 4) . However, this 565
was not a ubiquitous control across northern Greenland, as glaciers such as C.H. Ostenfeld 566 underwent comparable retreat (Supp. Info. 
Ocean temperatures 578
We use Topaz reanalysis data to identify broad-scale changes in ocean temperatures at depths of 579 5 and 200 m (Fig. 8) . It should be noted that these data are not necessarily representative of 580 conditions at the glacier front, due to complexities in fjord circulation, including subglacial plume 581 flow, and the potential presence of bedrock sills, which may limit or preclude offshore water from 582 reaching the glacier front. However, previous studies have indicated that oceans exert an important 583 influence on Arctic glacier retreat rates (e.g. Murray and others, 2010, Holland and others, 2008, 584
Luckman and others, 2015) and directly-measured data are only available for a small number of 585 glacial fjords and for short time periods. We therefore use the data as guide to the changes in the 586 offshore water masses and comment on how this would affect the glaciers, if it were to reach the 587 glacier front. 588
Observed ocean warming offshore of south-east and western Greenland ( (Fig. 8) , which 596 agrees with direct measurements (e.g. Ribergaard and others, 2008) , glacier retreat in the region 597 was limited (Fig. 1 & Table 1 ). Many of the glaciers in the region are located at the end of long, 598 sinuous fjords (e.g. Kangiata nunata sermia and Akugdlerssup sermia), which may reduce the 599 impact of any offshore warming, although recent numerical modelling results from east Greenland 600 suggest that sub-surface inputs of glacial runoff can allow warm coastal water to penetrate into 601 fjords ~ 100 km long (Cowton and others, 2016) . Our data indicate that oceanic warming reached 602 On Novaya Zemlya, differences in the pattern of sea ice decline and oceanic warming between the 606
Barents and Kara Sea coasts may explain the difference in retreat rates (Table 1) : in the Barents 607 Sea, significant warming occurred at 5 m and 200 m, and significant sea ice reductions occurred in 608 winter, spring and annual means (Table 3) . Conversely, no warming was apparent in the Kara Sea 609 at depth, and, although changes in mean annual sea ice concentrations were significant (Table 3) , 610 they were much smaller in magnitude than on the Barents Sea coast (Fig. 4) . Across Novaya 611 Zemlya, retreat rates between 1992 and 2010 were an order of magnitude greater on marine-612 terminating glaciers than those ending on land (Carr and others, 2014) , suggesting an oceanic 613 cause for retreat. Furthermore, directly measured data shows that warm Atlantic water (3.6 °C) can 614 penetrate into at least one glacier fjord on the Barents Sea coast (Politova and others, 2012) . 615
Summer air temperatures did not warm significantly between 1991-1999 and 2000-2010 (Table 3) . 616
As such, available evidence suggests that oceanic forcing (both ocean temperatures and sea ice 617 concentrations) may influence glacier retreat rates on Novaya Zemlya. However, even fewer direct 618 measurements are available from Novaya Zemlya fjords than in Greenland, and so more in-situ 619 data are needed to fully understand the causes of glacier retreat in the region. 620
Differences in the response of individual glaciers to external forcing 621
Our results show a significant correlation between rates of frontal position change on individual 622 glaciers and changes in mean annual sea ice concentrations (ρ = 0.20; p= 0.004), spring (Apr-Jun) 623 sea ice concentrations (ρ = 0.15; p= 0.03), and the number of ice free months (ρ = -0.15; p= 0.03) 624 (Table 4) . However, despite being significant, the correlation coefficients (ρ) are comparatively 625 weak. We suggest three potential explanations for this, which are not mutually exclusive: i) retreat 626 rates are also influenced by shorter-term, more step-like changes in forcing; ii) that the magnitude 627 of glacier retreat is strongly influenced by glacier specific factors; and/or iii) that factors correlated 628 with both sea ice and glacier frontal position are also playing a role, e.g. ocean temperatures. 
on ice loss, which are often made at decadal to centennial timescales. 635
The second possibility is that changes in climatic / oceanic conditions are the initial trigger for 636 glacier retreat, but the magnitude of that retreat on any given glacier depends on local factors (e.g. 637 fjord topography). This explanation is supported by the much greater variability we observed in 638 rates of frontal position change, compared to the variability in external controls, within each region 639 (e.g. Figs. 6 & 7 c.f. Supp. Fig. 3 ). It is also strongly supported by the significant, strong correlation 640 between fjord width variability along the glacier's retreat path and total retreat rates (1992-2010) (ρ 641 = -0.570; p-value = 1.20 x10 -19 ) ( Table 2 ). This indicates that retreat rates were higher when larger 642 variations in fjord width occurred along the glacier's retreat path (Table 2 ) and data show that this 643 is generally associated with recession into a widening section of the fjord: 67% of glaciers with a 644 fjord width variability value of 1.05 or greater retreated into a wider fjord. Furthermore, retreat rates 645 were substantially higher on glaciers retreating into wider fjords (-147.4 m a -1 ), than those 646 retreating into narrow or straight fjords (-60.1 m a -1 ). This upstream fjord widening enhances glacier 647 retreat via two mechanisms: i) the ice is spread over a larger area and so must thin (O'Neel and 648 others, 2005) (due to mass conservation), making it more vulnerable to fracture and retreat through 649 calving; ii) the resistance to flow provided by the fjord walls decreases with fjord width (Raymond, 650 1996) , meaning that ice moving into a wider fjord experiences less resistance to flow and retreats 651 more rapidly. The influence of fjord width variation was greatest where outlet glaciers flowed 652 through well-defined fjords (western and east Greenland, Novaya Zemlya and Spitsbergen), which 653 accounted for the majority of our study glaciers (197 out of 212) ( Table 2) . It was least where 654 glaciers are bounded by slower moving ice (Austfonna and Vestfonna), where sudden changes in 655 fjord width are rare (Table 2) . Thus climatic / oceanic changes may be the initial trigger of retreat, 656 but fjord topography, which we quantify here through along-fjord width variability, appears to 657 strongly influence the magnitude of retreat on individual glaciers. It may also explain the large 658 variability in individual glacier retreat rates that we see within regions (Supp. Figs. 3-6) . 659
Northern Greenland is an exception to this relationship and retreat rates show no apparent 660 correspondence to fjord width variations (Table 2) . Here, glaciers such as Peterman Glacier (Nick 661 also known to promote rapid retreat on individual glaciers, but it is much more difficult to quantify. 666 Therefore, although fjord width variability is not a substitute for knowing the full 3D bathymetry of 667 the glacier fjord and retreat is likely to also be influenced by basal topography, it may provide a 668
widely-applicable and easily-measurable indicator of individual marine-terminating glaciers with 669 grounded termini that have the potential for high retreat rates. It should be noted that no clear 670 relationship exists for glaciers with floating termini. The metric can be used where detailed 671 bathymetric data are unavailable, which is the case for the majority of Arctic outlet glacier fjords. 672
Our results demonstrate that Arctic outlet glaciers are exhibiting similar behaviour (i.e. widespread, 673 substantial retreat) at the broadest temporal and spatial scales and also show relationships 674 between retreat and external factors at these scales. We identify the regions and individual glaciers 675 that have undergone the greatest net retreat in recent years, and these locations should be the 676 focus of more detailed study, in order to determine the exact timing and pattern of retreat. Similarly, 677
we assess glacier sensitivity to external controls at a necessarily coarse temporal resolution and 678 identify sea ice concentrations at the start and/or end of open water conditions as a potentially 679 widespread control, highlighting this a topic for more detailed investigation. Future work should 680 collect higher-temporal resolution data on both retreat and external controls at the most rapidly 681 retreating glaciers, in order to determine how broader-scale changes in external controls are 682 translated to the local-scale process of retreat. In addition, results suggest that fjord geometry 683 strongly modulates individual glacier response to forcing, and so glaciers with geometries that may 684 promote more rapid retreat (fjord widening and or deepening inland) should also be the focus of 685 further investigation. In order to comprehensively investigate this, we need to collect high-686 resolution information on basal topography and fjord bathymetry, particularly in areas where it is 687 currently lacking (e.g. Novaya Zemlya). Finally, we need to combine frontal position data with 688 and those which were retreating, which accounts for 78% of the study glaciers. 'n' indicates the 963 number of glaciers within each sample. 964 Table 3 . Wilcoxon test results for significant differences between summer (Jun-Aug) air 965 199x282mm (300 x 300 DPI)
